Fluorescence polarization is one of the most commonly used homogeneous assay principles in drug discovery for screening of potential lead compounds. In this article, the fluorescence polarization technique is combined with 2-photon excitation of fluorescence. Theoretically, the use of 2-photon excitation of fluorescence increases the volumetric sensitivity and polarization contrast of fluorescence polarization assays. The work in this report demonstrates these predictions for an estrogen receptor ligand binding assay. (Journal of Biomolecular Screening 2005:314-319) 
F LUORESCENCE POLARIZATION (FP) was first discovered in the 1920s when the fluorescence from dye solutions was observed to follow the polarization of excitation light depending on the size of fluorescent molecules and viscosity of the solvent. Over the recent decades, FP has been used in basic research and commercial diagnostic assays. In drug discovery for screening of potential lead compounds, FP has become one of the most common homogeneous assay principles during the past decade, and several potential application areas have been indicated. 1 New applications of FP include enzyme assays and single nucleotide polymorphism detection. [2] [3] [4] Different types of immunoassays based on FP have also been reported. 5, 6 The benefit of the FP technique is the homogeneous, singlestep assay format. Because it is a ratiometric measuring method, it is less prone to interference from inner-filter effects in comparison to techniques depending on absolute measured intensity values. FP is a versatile method and particularly suitable for small molecule assays. However, the FP technique has also several disadvantages: The need for a specific lifetime of fluorophore and the requirement of a suitable molecular weight difference between the ligand and the receptor considerably limit the use of FP. Because of the narrow dynamic range, quantization using the FP principle is not straightforward. Therefore, the FP assay principle is best suited for screening applications. When the sample volume is reduced to a few microliters and below, the standard single-photon excitation FP assay is compromised by high background signal caused by scattering, autofluorescence and nonspecific binding of the fluorescent molecules. 7 Background signal originating from scattering and fluorescence outside the sample is usually highly polarized, and measurement results have to be corrected by subtracting background signal measured from blank sample.
Two-photon excitation of fluorescence has been shown to be one of the most sensitive means to detect fluorescent molecules within small volumes. It has been used in fluorescence microscopy 8 and fluorescence correlation spectroscopy. 9 Two-photon excitation has also been shown to be a cost-effective and simple way to measure bioaffinity assays in microvolumes without separation steps. 10 In 2-photon excitation of fluorescence, the label molecule absorbs the energy of 2 photons simultaneously. When the 2-photon excitation light is focused by a microscope objective, absorption (and excitation) will occur only within a 3-dimensional diffraction-limited focal volume on the order of 1 µm 3 (1 fl) depending on the optical setup. There is no fluorescence background from outside this focal volume. A useful property is the ability to excite a multitude of fluorophores simultaneously with a single wavelength of the laser. This property has been used, for example, in fluorescence cross-correlation. 11 Small detection volume and negligible instrumental background make 2-photon excitation the detection method of choice for microvolume assays. Because of the low background signal, reference samples (blanks) are usually not needed. The sample volume may be scaled down to microliters without losing the sensitivity of measurement. Sample photobleaching and photodestruction are also limited to the focal region.
The polarization P of fluorescence is defined in polarization unit (P) as 
where I || and I ⊥ are fluorescence intensities (e.g., photon counts per second) in the direction of parallel and perpendicular to polarization plane of the excitation light, respectively. In addition to equation 1, background correction is usually needed. When correcting the effect of background signal, the fluorescence intensities from reference samples have to be subtracted separately from the measured intensities in the direction of I || and I ⊥ from the actual sample. The correction factor g is needed for compensating the difference in optical gain of the 2 fluorescence detection channels. The highest possible theoretical value for P is called the limiting polarization value. This value defines the limits to the signal contrast between bound (polarized emission) and unbound (unpolarized emission) states of the fluorophore. In single-photon excitation, the theoretical limiting polarization value is 500 mP. However, it is typical that the maximum polarization value for instruments and dyes (e.g., fluorescein) is about 350 mP. 7 For the 2photon excitation, the limiting polarization value is 670 mP. This is due to the fact that when 2 photons are absorbed, the photoselection process is carried out twice, meaning higher selectivity in the absorption process in comparison to single-photon absorption. [12] [13] [14] A simple and commonly used statistical parameter for comparing high-throughput screening (HTS) assays is the dimensionless quantity: Z′ factor. 15, 16 It defines the screening window coefficient (Z′) as the ratio of separation band to the signal dynamic range of the assay:
where σ C+ and σ C-are the standard deviation and µ C+ and µ C-mean of the positive and negative control, respectively. When the Z′ factor value for an assay falls within the range 1 > Z′ ≥ 0.5, the separation band is large and the assay is seen as excellent for screening. 15 In this article, we show an increased polarization contrast and good separation Z′ factor for a ligand to estrogen-receptor binding assay measurement, when the 2-photon excitation and fluorescence polarization are combined. Reference measurements were performed with a conventional plate reader in single-photon excitation mode.
MATERIALS AND METHODS

Optical setup
The control FP measurements in single-photon mode were measured with Victor V 2 1420 Multilabel HTS counter (PerkinElmer LifeSciences, Wallac, Turku, Finland). The excitation was set to 531 nm (25-nm bandwidth) and the emission to 595 nm (60-nm bandwidth). The lamp intensity was set to maximum level. A sample volume of 40 µl was used in a 384-well black bottom Cliniplate (Thermo Electron Corp., Thermo Labsystems, Helsinki, Finland). The influence of the plate bottom window to the polarization has been avoided by exciting and detecting from the open side of the plate (above).
The 2-photon fluorescence polarization assay was measured with a setup built in an optical module of ArcDia TPXmicrofluorometer (ArcDia Ltd., Turku, Finland). 17 Figure 1 directed within a range from 530 nm to 700 nm through the dichroic mirror into a broadband cube polarizing beam splitter (03 PPB 001, Melles Griot). In the beam splitter, the fluorescence light was separated to 2 perpendicular polarization components and then directed to the detectors through 605-nm interference filters (20- 
Biochemistry
The estrogen receptors (ER) are ligand-activated nuclear receptors, which act as transcription factors regulating expression of target genes. 18 The most prominent natural ligand is 17β estradiol. Estrogens are female sex hormones that also control many other organ functions in both men and women. In the drug industry, ERbinding ligands are being developed to treat and prevent, for example, breast cancer, osteoporosis, cardiovascular disease, and Alzheimer's disease. 19 In primary screening, binding of the ligand to the receptor can be easily determined with a simple homogenous fluorescence polarization assay, which has been developed to displace the radioactive receptor binding assays. 20 A commercial kit, Estrogen Receptor Competitor Assay, Red (P3029, PanVera, Madison, WI) was used in this study. The principle of the assay is illustrated in Figure 2 . A complex between the estrogen receptor-α (ERα) and a fluorescent estrogenic ligand, Fluormone™ EL Red is formed in the absence of competing compounds. These complexes are tumbling slowly during the fluorescence lifetime of Fluormone™, leading to a high polarization value for the detected fluorescence. In the presence of test compounds having binding affinity to ERα (e.g., 17β estradiol), Fluormone™ is replaced competitively from the ligand-binding pocket of ERα. The amount of competing compound and its affinity determine the amount of the unbound Fluormone™ molecules. This free Fluormone™ tumbles rapidly during its fluorescence lifetime, leading to a reduced fluorescence polarization value. 21 Samples for the ER competitor assay were prepared according to the assay protocol of the manufacturer. 21 The final concentration of 15 nM ERα and 1 nM Fluormone™ in ER Red Assay Buffer enabled the receptor to bind from 50% to 80% of Fluormone™. The "test" compound, 17β estradiol, was dissolved in DMSO and diluted in ER Red Assay Buffer to the final concentrations from 100 pM to 1 µM (10 -10 -10 -6 mol/l). The samples were incubated for 2 h in room temperature and then divided to single-and 2-photon measurement plates to total sample volumes of 40 µl each.
In the Z′ factor measurements, free Fluormone™ was used for low polarization samples. The Fluormone™ was diluted with ER Red Assay Buffer to its final concentration of 1 nM. ERα-Fluormone™ complexes were used for high-polarization samples. The final concentrations of ERα and Fluormone™ in ER Red Assay Buffer were 15 nM and 2 nM, respectively. After incubation, the samples were divided into the respective measurement plates for single-and 2-photon excitation.
RESULTS
Single-photon measurements were performed with Victor V 2 1420 using a dilution series of 17β estradiol. Eight concentrations of 17β estradiol analyte from 100 pM to 1 µM were measured in a 384-well plate for 1 s per well. In addition, 2 wells containing dilution buffer were measured for the background reference. The measurements were repeated 10 times. The background subtracted polarization assay curve marked with squares (n) is seen in Figure 3 , and the data are summarized in Table 1 . Polarization values vary from 330 mP to 150 mP, yielding a maximum polarization contrast of 180 mP. The IC50 (inhibitory concentration 50%) value was determined by fitting a sigmoid competition curve (a gray line in Figure 3) to the measured points. For single-photon FP measurement, the IC50 value of 17β estradiol was 16 ± 2 nM.
The 2-photon fluorescence polarization measurements were performed with a setup described in the previous section. The samples of 40 µl each were pipetted from the same source to 96-well glass-bottom plates. The recording time for measurements was 5 s per well. The 2-photon measurements were carried out simultaneously with the single-photon case to ensure similar sample conditions at the time of measurement. The average signal from the 2 background reference sample wells was equal to the dark counts of CPM tubes. Thus, the effect of background subtraction from the measurement signals was very small. The background subtracted polarization values, calculated as an average of 10 repeated measurements, are marked with diamonds (t) in Figure 3 , and the data are summarized in Table 1 . Polarization values decreased from 360 mP to 130 mP with increasing 17β estradiol concentration, yielding a maximum polarization contrast of 230 mP. The IC50 value was determined to be 16 ± 2 nM for this 2-photon FP assay.
In the Z′ factor determination for the fluorescence polarization, free Fluormone™ and ERα-Fluormone™ complex were compared. Samples were measured in standard single-photon FP in a 384-well plate using sample volumes of 40 µl and measurement times of 1 and 5 s. The measurements were repeated 10 times from different wells. The use of different wells for each measurement was necessary due to detected photobleaching of Fluormone™. Because the samples were pipetted from the same source shortly before the measurement, the deviation caused by the use of multiple wells was small; this assumption was also confirmed by repeated measurements (data not shown). The background subtracted measurements in the single-photon case for both 1 and 5 s give a polarization contrast of 147 mP and Z′ factor of 0.71 and 0.82, respectively. The longer 5-s measurement already suffered from some photobleaching within the single well and was thus considered as a limit in integration time for this particular assay and measurement mode.
In the 2-photon FP, the same samples were measured in a glassbottom 96-well plate using sample volumes of 40 µl and measurement times of 1, 5, and 10 s. The measurements were repeated 10 times from the same well. Contrary to the single-photon case, no photobleaching was detected. The polarization values with ±3 standard deviation of the mean and the calculated Z′ factors are shown in Figure 4 . The data are summarized in Table 2 with CV% and signal-to-background ratio calculated. 15 The measurements for 1, 5, and 10 s yielded the polarization contrast of 292, 295, and 296 mP and the Z′ factor of 0.53, 0.77, and 0.85, respectively. Fluorescence intensities in parallel (I || ) and perpendicular (I ⊥ ) to polarization plane of the excitation light are total photon counts as averages of 10 measurements. Blank is the reference sample containing assay buffer, I Bg signifies intensity from reference sample, and g is the gain value for instrument calibration. SD = standard deviation.
Two-Photon Excitation
As a comparison to glass-bottom plates and the 40-µl sample, we performed a volumetric sensitivity study with thin COC Topas bottom microslides. The material of the microslides appears to effect the polarization slightly, and thus a small effect in the FP measurement was observed. Fluorescence signal intensities remain unchanged when compared to glass-bottom plate measurements, but the polarization values varied ±10 mP and the Z′ factor was reduced 5% (data not shown). The measuring volume of 1 µl, measurement time of 5 s, and repetition of 10 were used with the microslide.
DISCUSSION
We have demonstrated the potential benefits of 2-photon excitation FP assay. With a simple optical setup, background free measurements were performed from sample volumes down to 1 µl without compromising the fluorescence yield and polarization window. The scattered illumination light is easily filtered out, and the fluorescence of nonspecifically bound labels on the walls of the cuvette is not even excited in 2-photon excited fluorescence measurements. This means in practice that there is no need to measure background reference. The only background signal that appears is the thermal noise of the detectors itself.
The real measurement volume of 2-photon excited fluorescence is the size of the focused laser spot, which in our case is about 1 fl. Thus, decreasing the sample volume does not affect the measurement results. The challenge of small sample volumes is in sample handling. We found the thin COC Topas bottom microslides suitable for FP measurements with 1-µl sample volume. The only noticeable difference to the measurements with larger sample volumes was the slightly increased variation in polarization signal when the 1-µl sample volume was used. We believe that the increased variation is caused by COC Topas bottom versus the pure glass bottom that was used in the measurements of larger sample volumes.
The used Fluormone™-based ER competitor assay shows that 2-photon excitation exhibits an increased polarization contrast when compared to single-photon excitation. The separate Z′ factor measurements, however, showed that the low signal yield of our experiments was detrimental to the increased polarization contrast. The signal yield of 2-photon FP measurements remained in hundreds of photons/s, whereas the single-photon FP signal was in excess of 1 million/s. With the Z′ value assessment, one has to note that the single-and 2-photon measurements were performed with some differences between the measurement modes due to the different optical setups (recording from above vs. from below through cuvette bottom) and due to the heavy bleaching with single-photon excitation. However, because the results persisted over several measurements, we argue that the acquired broader polarization window can be used to improve the separation in HTS assay when certain precautions are met: The material of the cuvette optical window must not distort the polarization signal, and the yield of the fluorescence must be optimized either by long integration times, the use of a superluminescent label, or the use of high quantum yield detectors (e.g., avalanche photo diodes). With compromise in measurement time, the background free small volume measurement using 2-photon excitation could be employed even using low-cost lasers. 22 Further development of the fluorescent labels 23 and the instrument itself could be expected to give even better results also with shorter measurement times. In summary, this article shows that a commercial fluorescence polarization assay kit can be directly used in 2-photon excitation FP measurements. The use of 2-photon excitation of fluorescence increases the volumetric sensitivity and allows measuring FP assay from 1 µl volume without losing the sensitivity. The use of 2-photon excitation of fluorescence has also been shown to increase polarization contrast of FP assay, and the methodological Z′ factor calculated considers the 2-photon excited Estrogen Receptor Competitor Assay to be excellent for screening.
